Dried parts of 75 medicinal plant species collected from different regions in Iran were assayed by the Dish Pack Method for volatile allelopathic activity, using Lactuca sativa (lettuce) as the test plant. The highest (60%) inhibition was observed for saffron (stigma of Crocus sativus), followed by Dracocephalum kotschyi, Solanum nigrum and Artemisia aucheri. Safranal was identified as the main chemical by Headspace Gas Chromatography-Mass Spectrometry (HS-GC-MS) analyses of saffron. Moreover, the EC 50 of safranal was evaluated as 1.2 µg/L (ppb). This is the first report on allelopathic activity of safranal as a bioactive compound identified from saffron.
The Persian Central (Asian Minor Centre) region was chosen as the source of plants for this survey. Iran occupies a relatively large geographical area, with an unusually rich flora concentrated within it. This great diversity is due to the wide range of climates found there, which result from the complex mountain topography, large changes in elevation and vast deserts [1] . The objective of the present study was to survey the volatile allelopathic activity of Iranian medicinal plants and to identify their allelochemicals.
We have used the "Dish Pack Method" (DP) to screen plant volatile allelopathic activity of 75 Iranian medicinal plants [2] . A variation of the method using DP was employed to screen large numbers of tree species, as well as herbaceous plants of medicinal and herbal value [3] . Allelopathic activities of medicinal plants have been previously reported in several studies [4, 5] , but there is no analytical report about volatile chemicals from Iranian medicinal plants. Volatile allelochemicals are a relatively new target and might be useful for the control of weeds. Table 1 shows lettuce seedling radicle and hypocotyl growth after exposure of germinating seeds to samples from the 75 species tested. In this experiment, radicle growth was more affected than that of the hypocotyl. Crocus sativus (saffron) belong to Iridaceae family, showed the greatest inhibitory activity on radicle growth, followed by Dracocephalum kotschyi, Solanum nigrum and Artemisia aucheri. Moreover, Artemisia aucheri, Mentha longifolia, and Crocus sativus showed the strongest inhibitory effect on hypocotyl growth (Table 1) . Therefore, we assumed that the inhibitory effect of C. sativus could result from the toxicity of its volatile allelochemicals. C. sativus has been widely used as a medicinal plant and food additive, and has been shown to possess many therapeutic properties [6] , but its effect on other plants is not yet fully understood.
HS-GC-MS showed that safranal (949.2 µg/L), D-limonene (0.3 µg/L) and isophorone (0.6 µg/L) were the main volatiles of saffron.
We also observed two other minor peaks between isophorone and safranal which were isomers of isophorone, but the concentrations of these compounds were less than 0.5 µg/L.
Results determined that the specific activity (EC 50 ) against the lettuce seedlings root elongation was 44 µg/L for D-limonene and 2.5 µg/L for isophorone after 3 days. However, the strongest effect was observed for safranal with a value of 1.2 µg/L. Specific activity is the concentration of a particular allelochemical required to exert a half-maximum effect on a receiver plant (EC 50 ). Moreover, total activity of a plant has been defined as the ratio of the concentration of the allelochemical in the producing plant to its EC 50 [7, 8] . The total activity of safranal, isophorone, and D-limonene were 791, 0.24, and 0.0068, respectively. Thus we concluded that safranal is the main allelochemical in saffron. The inhibitory activity of safranal and the mixture of volatiles released by saffron were compared based on their concentration in the headspace air ( Figure  1) . Safranal was the predominant species suggesting its major contribution to the putative growth-inhibitory activity of saffron.
Saffron is known for its effects against various cancer cell lines [9, 10] . Moreover, the cytotoxic properties of safranal and nanoliposomal safranal against various cancer cell lines have been studied. Also, it has been suggested that safranal induces mild oxidative damage in animal cells, which leads to the activation of antioxidative enzymes [11] . Therefore, safranal might act as an antioxidative stimulator in plant cells and stop plant cell growth. Safranal is a cyclic terpenic aldehyde produced from picrocrocin. Previous studies have shown that cyclic terpene aldehydes act as membrane disruptors of Chlorella pyrenoidosa cells [12] . Furthermore, it has also been known that safranal is an acetylcholinesterase inhibitor [13] . However, previous reports have not made any observation relevant to our discoveries on plant growth. In conclusion, our present study is the first report on allelopathic activity of safranal as a bio-active volatile compound identified from saffron. To understand the mode of action of safranal and its biological roles in natural ecosystems future research will be required. Results of this study will guide the identification of novel phytotoxic chemicals for industrial applications and/or natural products. Such information could help future research to develop new and potent bioactive chemicals from natural products.
Experimental
Plant materials: Plant collection was carried out during 2013 from different parts of Iran from Chaharmahal and Bakhtiyari, Khorasane-Shomali, Tehran, and Isfahan provinces. To confirm Latin binomials, plant identities were also checked against the Herbaceous Sciences Research Center's data base in Ferdowsi University of Mashhad. Plant samples have been deposited in the herbarium of Ferdowsi University of Mashhad, Iran.
Bioassay by dish pack method:
Two hundred mg of each dried medicinal plant part was placed in one well of a microplate and 5 lettuce seeds were placed on filter paper soaked with 0.7 mL of distilled water in the other 5 wells. The microplates were sealed and incubated for 72 h (at 25ºC, in the dark). Hypocotyl and radicle length of test plants were measured after 3 days. Plant growth percentage (compared with controls) was calculated from hypocotyl and radicle lengths. Means (M) and standard deviations (sd) were calculated and evaluated by deviation value.
Cotton swab method: Ten mL of 0.75% agar solution was added to a glass vial (20 mL). After solidification, 5 seeds of L. sativa were accurately placed into each vial. A double-tipped cotton swab (7.6 cm) was cut in half and then vertically inserted into the agar on the periphery.
Safranal (SAFC, ≥88%) was dissolved in DMSO (dimethyl sulfoxide) and different concentrations were added to cotton swabs using a glass microcapillary syringe. The glass vial was immediately closed by a pressure cap. The vials were incubated under dark conditions at 25°C for 3 days and then the lengths of radicle and hypocotyl of the lettuce seedlings were measured. All treatments were replicated 3 times in each experiment, and the experiments were repeated twice. The percentage of inhibition was then calculated based on the actual concentration in the vial air using HS-GC-MS. To investigate the contribution of safranal to the total allelopathic activity of the dried stigma, we added 5 amounts of dried stigma directly into the vials. The above described method is known as the "Cotton Swab Method" [14] .
Headspace gas chromatography-mass spectrometry (HS-GCMS):
Headspace GC-MS was carried out to analyze the chemical composition of the strongest samples from the screening step and to determine the EC 50 of the volatile allelochemicals. For chemical analysis, 200 mg of dried sample was incubated in a vial at 20°C for 1 h. Then 1000 μL of head space gas of each sample was removed with a 5 mL SGE 5MDR-HSV syringe and injected into a GC-MS QP5050 spectrophotometer equipped with a Shimadzu GC 17A, EP5MS (5% phenyl methylsilane) capillary column (30 m x 250 μm x 0.25 μm) and using helium as carrier gas. The operating conditions of the GC-MS were as follows: the GC oven temperature was adjusted from 50-150°C with a rise of 3°C/min, held for 10 min, then raised to 200°C with a rise of 10°C/min. The compounds were identified from the mass spectra of NIST/NBS. Mass spectra were recorded at 70 eV with a mass range of m/z 50 to 400, compared against an in-house mass spectral library (NIST and Wiley), and confirmed against the spectra of authentic standards.
